INTRODUCTION
Knowledge of optimal conditions for laser generation of ultrasonic waves, as well as of the spatial and temporal parameters of the generated ultrasonic beams, is required for effective application oflaser-based ultrasonic (LBU) techniques to NDE [1] . The work presented here employs a fiberized Sagnac interferometer to characterize a fiber-array based LBU system. The combined system can remotely generate and detect ultrasonic signals with energy concentrated within a selected narrow frequency band.
The prototype of a complete laser based system and close-up of the illumination head and Sagnac fiber probe are shown in Figure 1 
DESCRIPTION OF THE LASER ULTRASONIC SOURCE
The laser ultrasonic source can operate in two modes: (i) generation of short broad-band ultrasonic pulses, and (ii) generation of narrow-band tonebursts. These modes are realized by focusing a pulsed laser beam onto a specimen surface and forming a specific illumination area such as a focal spot or a line for broad-band generation, or an array of lines for narrow-band generation [2, 3] . To provide flexibility of operation and to provide the ability of remote placement of equipment we have used high power optical fibers to deliver laser energy on to the testing area. The configurations of the laser ultrasonic source for both modes of operation are shown in Fig. 2 a , b. The main elements of the system are the pulsed Nd-Y AG laser, input coupler, fiber cable and illumination head. source. The maximum pulse repetition rate is 30 Hz. Since operation of the laser at high output energy provided the most uniform beam profile, a high damage-threshold neutral density attenuator (ND) with fixed optical density was used to reduce the energy below the damage threshold of the optical fibers.
The input coupler for the lO-fiber LBU generation system is shown in Figure 3a . The output laser beam, after passing the attenuator, is diffracted by a binary diffraction grating to produce 10 spatially separated (by 5.5 mrad) but equal energy beams. These separate beams are focused into 10 focal spots by a spherical lens, with a focal length of 125 mm, placed between the attenuator and the grating. These beams were then launched into 10 multimode fibers (365 /lm core diameter) which were rigidly mounted at I mm spacing [4] . The plot of the energy density across the fiber output array (see Figure 3b) shows that the coupler provides a uniform coupling efficiency for all 10 fibers.
The design of the input coupler for a single fiber system for broad-band generation is almost identical except that the diffraction grating is not used in this case. Since fiber damage is a potential problem, it is also important to check for long term stability of the output energy. Figure 3 c shows the output power of the 550 /lm fiber system (coupling efficiency) for different energy of laser pulses. It was found that adequate long term stability of the system can be achieved if the density of the laser energy at the input fiber tips is below 13 MW/mm 2 . The main optical parameters of the input coupler are summarized in Table 1 .
The illumination head for the lO-fiber generation system is shown schematically in Figure  4 a. The output ends of the fibers are mounted in a fiber fixture along a straight line at 0.6 mm spacing. The laser beams from the fibers ( NA = 0.22, fiber core diameter 365 /lm) are collimated by an aspherical condenser and then focused by a combination of cylindrical lenses into an array of 10 lines onto a specimen surface. The single fiber delivery system has a similar design, except that it forms a single focusing line on the testing surface. Fibers with core diameter ranging between 200 and 550 11m were used in this case. 
where cR is the Rayleigh velocity in the material, () is the width of the focal line. If a narrowband ultrasonic detector is used, it is important to match the main frequency of the generated signal with a detection bandwidth.
For generation of a narrow-band signal using a linear array of sources, the main frequency of the generated toneburst is determined by the following relationship [2] : (2) where d is the spacing of the lines of the array, and CR is the Rayleigh velocity in the material. For aluminum with a Rayleigh velocity of 2900 mis, a spacing of 0.58 mm would be needed for generation at 5 MHz. The optical design of the illumination head allows adjustment of the line array spacing within 0.55 +/-0.15 mm range which corresponds to continuous tuning of the ultrasonic toneburst frequency from 4.1 MHz to 7.25 MHz for an aluminum specimen.
It is also important to know the distribution of the laser energy along the focal lines since this determines the profile of the generated ultrasonic wave. As can be seen from Figure 4 b, this distribution can be described as near-gaussian.
SAGNAC INTERFEROMETRIC DETECTOR
The fiberized frequency-shifted Sagnac interferometer [5] shown in Figure la has been used for detection of ultrasonic signals. This interferometer has many advantages, which make it very attractive for ultrasound detection: (i) it is truly path-matched and does not require active stabilization, and it can thus be used in a noisy environment, (ii) it can be completely fiberized, (iii) it can be designed as a small portable device suitable for field applications, and (iv) it incorporates a random speckle modulation scheme [6] so that it can be used for ultrasound detection on both polished and rough surfaces.
EXPERIMENT AL RESULTS

Generation of Broad-band Ultrasonic Waves
The laser ultrasonic system was tested by generating ultrasonic waves in a thick aluminum specimen (25x25x150 mm size) in the nondestructive thermoelastic mode of generation. The laser pulses were of 10 ns duration with up to 200 mJ energy per pulse at a 30 Hz repetition rate. The laser beam was delivered to a generation point through a high power optical fiber (550 /lm core diameter) and then focused on to a specimen surface to form a single linefocused illumination (see Fig. 5 a, b) .
The signal detected by the Sagnac interferometer is shown in Figure 5 c. The duration of the ultrasonic pulse is about 0.3 /ls. This generation mode provides a high temporal resolution for ultrasonic testing. The ultrasonic signal generated in this mode is broadband, and the spectrum of the signal is shown in Figure 5 d. Note that after the optimization of the focalline width, the peak of this spectrum lies within the Sagnac interferometer· s response range, which has a maximum at 5 MHz. The profile of the generated beam in the far-field is shown in Fig. 5 e. The ultrasonic amplitude across the beam has a near gaussian shape which corresponds to a similar distribution of laser energy in the focusing line. The dependence of the ultrasonic amplitude on the laser energy is plotted in 
Generation of Narrow-band Ultrasonic Waves
In another experiment the laser source was operated in narrow-band generation mode ( see Fig 6a) . The spacing between the lines of the array on the specimen, as well as the width of the lines were adjusted by changing the distance between the specimen and the focusing lenses to provide the optimal conditions for generation of a 5 MHz toneburst. The signal detected by the Sagnac interferometer for the line-array generation mode is shown in Figure  6b . A narrowband acoustic wave is generated in this case. The power spectrum of this signal shown in Fig. 6c demonstrates that the generated ultrasonic signal has overall bandwidth less than I MHz with peak: near 5 MHz. The proftle of the beam in a far-field zone is again gaussian in shape (see Fig 6d) . Generation of Bulk Waves.
We next investigated the use of the above laser ultrasonic generation system for bulk wave generation. The directivity of generation of longitudinal waves was measured along the lines described in reference [7) . A single focal line was formed on the flat surface of a semicylindrical aluminum specimen as shown in Figure 7a . The results were obtained in the thermoelastic regime of generation. The plot of the experimental directivity pattern ( see Fig.  7b ) shows good agreement with the theoretical model (7). 
Detection of Cracks in Aircraft Structures
In a final experiment, the laser ultrasonic source was applied to the detection of fatigue cracks emanating from rivet holes. The specimen was made of two aluminum alloy plates, 1.8 mm thick, that were riveted together. A fatigue crack was made to emanate from the countersunk rivet hole in the top plate. The orientations of the laser source and the Sagnac detector with respect to the rivet are shown in Figure 8a . The detected signal shows the transmitted signal and also the reflections of ultrasonic wave from the crack and the edge of the specimen (see Figure 8b ).
